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ABSTRACT
The dwarf spheroidal (dSph) satellites of the Local Group have long been
thought to be simple spheroids of stars supported by velocity dispersion within
extended dark matter halos. Recently, however, evidence for the presence of
spatially distinct stellar populations of different age and metallicity within these
systems has been accumulating. Where data permit, these populations have also
been shown to segregate dynamically, reflecting a complex relation between the
conditions dictating star formation activity and the assembly history of each sys-
tem. We propose here that the presence of multiple, spatially and dynamically
distinct, components may be ubiquitous in dSphs, and that this can help explain
oddities in the kinematics of dSphs such as Draco and Fornax. Here, the veloc-
ity dispersion profiles are seen to increase significantly from the center outwards
before leveling off, and this may be explained as a transition from a cold, con-
centrated component to a second, hotter and more spatially extended one, both
in equilibrium within the same dark halo. This proposal can be distinguished
from other possible explanations, such as a radially-dependent anisotropy in the
stars’ orbits, through careful kinematic analysis. In particular, the line-of-sight
velocity distribution at the “transition radius” between the components will be
best characterized as a double Maxwellian distribution, in contrast to what is
– 2 –
expected for single component models. For Draco, the transition radius occurs
at ∼ 300− 400 pc from the center of this dwarf. We show a simple example of a
system where both a rising velocity dispersion profile as well as an “extra-tidal
bump” of stars may be reproduced with two dynamically distinct components.
If this proposal is confirmed by future data, the challenge will shift to explaining
the origin and survival of these dynamically unmixed populations and to unveil-
ing the clues they hold regarding the formation of some of the faintest galaxies
known.
Subject headings: galaxies: dwarf — galaxies: halos — galaxies: kinematics and
dynamics — Local Group — galaxies: structure
1. Introduction
Dwarf spheroidal (dSph) galaxies generally contain little or no gas, and individual stars
are the only tracer of their kinematics which we have available. Until recently, the dynamics
of dSphs were characterized by a single number; the central projected velocity dispersion,
σp(0), on which early mass estimates were based. More recently, multi-object spectrographs
have allowed for the derivation of velocity dispersion profiles, σp (R), for some of the Milky
Way (MW) dSphs (Fornax: Walker et al. 2006a; Sextans: Kleyna et al. 2004, Walker et al.
2006b; Sculptor: Westfall et al. 2006; Draco and Ursa Minor: Wilkinson et al. 2004, Mun˜oz
et al. 2005).
Figure 1 shows the velocity dispersion profiles for Draco (Wilkinson et al. 2004; Mun˜oz
et al. 2005) and Fornax (Walker et al. 2006a), reproduced from the literature. Intriguingly, in
both of these systems the velocity dispersion increases from their central values by almost a
factor of ∼ 2 before leveling off. This is at odds with the “natural” expectation for isotropic
King models embedded within cold dark matter halos, where σp(R) is expected to decline
smoothly from the center outwards. The good agreement between the two Draco datasets
is particularly meaningful, considering that different techniques were used to select stars in
this galaxy.
Mashchenko et al. (2006) attempt to explain this behavior in Draco by allowing the
anisotropy of the stellar orbits (quantified as β = 1 − (σt/σr)2, where σt and σr are the
tangential and radial components of the stellar velocity dispersion, respectively) to change
systematically as a function of radius. While this is entirely plausible, there is little obser-
vational evidence for a strong radial dependence of orbital shapes.
Another, alternative, possibility is to relax the standard assumption that dSphs are
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well described by a single well-mixed stellar system embedded within a dominant dark mat-
ter halo. Recent observations of these galaxies suggest that this may be appropriate, and
numerous groups have shown convincingly that at least some dSphs possess spatially segre-
gated populations of stars. These populations have been identified by studying the spatial
distribution of stars identified on the basis of their position in a color-magnitude diagram
(CMD) for the galaxy. Where data are available, these populations have also been found to
be kinematically distinct (eg. Harbeck et al. 2001; Sculptor - Tolstoy et al. 2004, Westfall
et al. 2006; Fornax - Battaglia et al. 2006; Andromeda II - A. McConnachie et al., in prepa-
ration). For at least some dwarf galaxies, therefore, the assumption of a single-component
stellar system embedded in a dark matter halo requires updating.
In light of these recent discoveries, we examine here the general effect of allowing for
multiple stellar components in dynamical models of dSphs. In particular, we investigate
whether this may provide an observationally motivated explanation for the rising velocity
dispersion profiles observed in some of these systems. We introduce the modeling technique
in §2, and examine the velocity dispersion and surface density profiles of a two-component
stellar system embedded within a cold dark matter halo in §3. Finally, in §4, we discuss our
results and consider their consequences.
2. Dynamics of multiple stellar components











where ρ is the (stellar) density of the tracer and φ is the (total) gravitational potential of
the system. This equation is satisfied independently by each equilibrium tracer population,

















We consider the specific case of a system consisting of two stellar components embedded
within a cold dark matter halo. The dark matter halo is described by an NFW profile
(Navarro, Frenk & White 1996, 1997) and the stellar components by King (1966) profiles.
Only the dark matter contributes to the potential in our model, which seems valid given the
large mass-to-light ratios inferred for these systems (eg. Mateo 1998).
The NFW profile can be written as
ρDM =
Mhalo
4pir3s (r/rs) (1 + r/rs)
2
, (4)








2 = 30 kms−1, which requires Mhalo = 9.7× 108M⊙. These values
are believed to be typical of dwarf galaxy halos in the CDM scenario.
















where ρi(r > rti) = 0, and rci and rti are the core and tidal radii, respectively. Ki is a
normalization constant. In what follows, we use the projected density, Σ(R), and velocity
dispersion, σp(R), profiles in order to compare with observations.
3. Projected profiles
The left panel of Figure 2 shows the stellar density profile of two King stellar components
embedded within an NFW halo. We set the core and tidal radii of the more extended
component to rc1 = 400 pc, rt1 = 2000 pc (c1 = log10 (rt1/rc1) = 0.7; dot-dashed line), and
rc2 = 100 pc, rt2 = 400 pc (c2 = 0.6; dashed line) for the more centrally concentrated one.
The mass ratio of the two components is set at M2/M1 = 4, and the overall stellar density
distribution is shown as a solid line. This density profile is consistent with those of Local
Group dSphs (Irwin & Hatzidimitriou 1995; McConnachie & Irwin 2006), and is unlikely
to be observationally distinguished from a single component system in the absence of other
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data. We note that the deviation of this profile from a single component system is largest
at low surface brightness, highlighting the importance of deep data for accurate structural
analysis.
The top right panel of Figure 2 shows the line-of-sight velocity dispersion profile σp (R),
where the line styles are the same as in the left panel. The bottom right panel shows
how the importance of the hotter, more extended component (#1) varies with R. Note
that both components have smoothly declining velocity dispersion profiles, and that the
more concentrated component (#2) has a central velocity dispersion of about half that of
component #1. Both components are more concentrated and therefore also dynamically
colder than the dark matter halo that surrounds them, as may be appreciated by comparing
σp with the dark halo’s circular velocity profile (dotted line in the top-right panel of Figure 2).
The shape of the velocity dispersion profile is similar to the observations in Figure 1,
and shows the same rise in σp from the center outwards. As the prominence of component 1
increases with r (bottom panel), so too does the contribution to σr from the higher dispersion
of the more extended component. This implies that σr will increase from its central value
to match the dispersion of the hotter component at the radius where the more extended
component becomes dominant, with a corresponding increase in σp (R).
Figure 3 illustrates how the shape of the velocity dispersion profile depends upon the
relative dominance of the two components. Here, the value of K1 has been adjusted to give
M2/M1 = 0.01, 0.1, 1 and 10 while keeping all other parameters fixed. For the case where the
relative contributions of the two components does not change significantly with radius (dotted
line), the velocity dispersion profile is indistinguishable from a single component model. As
the change in the relative contribution of the two components becomes more significant,
however, the velocity dispersion profile starts to deviate from that for a single component
system. The exact shape of the resulting σp (R) profile depends closely on Σ1/ (Σ1 + Σ2),
and σp (R) may therefore be used to place useful constraints on the relative mass and spatial
distribution of the two components.
4. Discussion
The presence of multiple stellar components has already been established in a few Local
Group dwarf galaxies. For the few cases where data exist, these distinct components have
different spatial distributions and kinematical properties, suggesting the co-existence of sev-
eral components which have formed and survived without fully mixing in a dynamical sense.
We discuss below the consequences of this proposal for the interpretation of dynamical data
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for dSphs.
4.1. Velocity dispersion profiles
Matching the velocity dispersion profile for a particular galaxy using two components
requires a well-tuned balance of mass and spatial extent. Despite some inevitable degen-
eracies, a few fairly general conclusions may be drawn from the velocity dispersion profiles
shown in Figures 2 and 3.
The first is that the rise in σp from the center outwards reflects the rise in the relative
contribution of the hotter component, a fact that may be used to constrain the relative
size of the two components and to pinpoint the radius—somewhere between the center and
the maximum of σp(R)—where both components contribute more or less equally to σp(R).
This is where deviations from a simple Maxwellian-like velocity distribution are likely to be
maximized. At this position, the line-of sight velocity distribution will be best characterized
by a double Maxwellian distribution, distinguishing it from other proposals such as a radially-
varying orbital anisotropy.
Secondly, the ratio of maximum-to-central observed velocity dispersion provides a lower
bound to the ratio of central velocity dispersions of the two components. Interpreting Draco
as a two-component King model, the data shown in Figure 1 suggest: (i) that the central
component has a central (projected) velocity dispersion of ∼ 7–8 km s−1, and that the outer
component has σp2(0) ≈ σmaxp ∼ 15 km s−1. If Draco is a multiple component system, we
expect that the line-of-sight velocity distribution of stars at about R ≃ 300 kpc should reveal
evidence for the double Maxwellian distribution discussed previously.
We note that the above suggestion does not require that Draco, or any other potential
multiple component system, exhibit differences in the stellar populations of its components.
In the context of this model, one could build a dwarf by merging two progenitors of very
different spatial extent and kinematics but similar age and metallicities. The remnant of
such a merger would appear homogeneous to a CMD analysis but would retain the signature
of the two progenitors in phase space. Within this context, the evidence for a turbulent and
merging origin of a system may be best appreciated in the dynamical evidence rather than
in the CMDs.
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4.2. Surface Density Profiles
If many dwarf galaxies contain multiple stellar components, as observations now seem
to indicate, then the standard parametrization of their overall structure as single component
density profiles is inadequate. However, the only dSph for which the presence of multiple
components may be convincingly argued from the density profile alone is Andromeda II
(McConnachie & Irwin 2006). Sculptor and Fornax, on the other hand, are reasonably well
fit by a single King model even though their CMDs and kinematics show clear evidence for
multiple components.
Perhaps the most common deviation of observed density profiles from single component
models is the presence of stars that are clearly associated with the dSph, but which lie
beyond the putative limiting radius of a King model fit. The presence of these “extra-tidal”
stars can be caused by dynamical heating in the presence of the tidal field of the Galaxy
(eg. Johnston et al. 2002), an issue that has attracted considerable attention because of its
potential use to constrain the mass and extent of a dSph’s dark halo.
It is interesting to note that, as illustrated in Figure 2, the presence of a low density,
extended second component, could in some instances be mistaken for “extra-tidal” stars,
even although in this scenario the stars are in equilibrium with the dark matter halo. The
velocity dispersion of these stars will be larger than for the stars interior to this radius, since
they belong to a more extended component, in agreement with kinematic studies (eg. Leo I
– Sohn et al. 2006; Carina - Munoz et al. 2006). Thus a multiple component scenario offers
a potential alternative explanation for “extra-tidal” stars in situations where corroborating
evidence for tides — such as elongations of the main body of the dwarf in the orbital direction
or velocity gradients across the face of the dwarf driven by protruding tidal tails — may be
lacking.
If the multiple component scenario is correct, a natural question which arises from this
discussion is how did these systems develop and preserve such complex structures? One sce-
nario is a spatially varying star formation history, where subsequent epochs of star formation
occurred in different volumes than previous ones. Alternatively, multiple components may
originate in the merger of two stellar systems of rather different density and kinematics.
Under suitable conditions, such systems may elude full dynamical mixing during the merger
and survive as two distinct dynamical components until the present. Indeed, Battaglia et al.
(2006) suggest that there is tentative evidence for non-equilibrium kinematics in their data
for Fornax, which might imply a merger-driven scenario.
Currently, it is too soon to distinguish between these and other scenarios, but theoretical
work should help to understand the individual signatures of each. Given the observational
– 8 –
discovery of multiple structural components in dSph galaxies, it is important that the con-
sequences for dynamical models of these systems are fully explored.
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Fig. 1.— Velocity dispersion profiles for Draco and Fornax, taken from the literature. In For-
nax, the velocity dispersion increases by over 50% before declining. In Draco, the velocity
dispersion at r ∼ 400 pc is approximately twice that of the inner regions. The indepen-
dent measurement of this effect by independent groups suggests that it is real and not an
observational artifact.
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Fig. 2.— Left panel: The projected density distributions of our two stellar components
(dashed and dot-dashed curves), and the overall stellar density distribution (solid curve),
normalized to its central value, Σ0. In the absence of other data, this profile is unlikely
to be observationally distinguished from a single component system. Right top panel: The
projected velocity dispersion profiles of the two stellar components and the overall projected
velocity dispersion profile (line styles are the same as in the previous panel). Also shown is
the circular velocity of the dark matter halo, divided by
√
2, in which the two systems are
embedded (dotted curve). For the latter, the radius used for plotting is a spherical, rather
than projected, radius. Right bottom panel: The relative contribution of the more extended
component to the total projected stellar density, shown as a function of radius.
– 13 –
Fig. 3.— Dependence of the shape of the velocity dispersion profile on the relative impor-
tance of the concentrated and extended component, respectively. When a single component
dominates σp(R) declines smoothly and monotonically with radius. When the second com-
ponent is of comparable importance the profile shape is modified and σp(R) dips in the
center, reflecting the dominance of the colder, more concentrated component there.
